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FOREWORD

The research described in this report was conducted by the Dynamics
Science Division of Marshall Industries under NASA contract NAS 3-12031.
Mr. Richard J. Priem of the Lewis Research Center Chemical Rocket Di-
vision was the NASA Project Manager. The report was originally issued as
Dynamic Science report SN-145-F.
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SUMMARY

An experimental study was conducted to study the spray formed by
impinging streams of liquid hydrazine and nitrogen tetroxide. The experi-
mental technique was based on photographic observation of the resulting
liquid spray. Single exposure color photographs and high speed motion

‘pictures with simultaneous chamber pressure traces recorded on the film

were used.

Stream mixing and separation phenomena were determined based
on the photographic observations. At low chamber pressures, the boiling
of nitrogen tetroxide was found to play a sighificant role. With nitrogen
tetroxide above the boiling point the resulting spray pattern showed that
most of the liquid hydrazine was confined within the fuel side and thus
resulted in very poor mixing. At high chamber pressure, separated flow
was also observed. The resulting spray definitely showed a color varia-
tion with colorless hydrazine mainly on the fuel side of the spray and
liguid nitrogen tetroxide on the oxide side. Good liquid spray mixing
was observed at lower pressures. Propellant temperatures and jet dia-
meter to velocity ratio appeared to be unimportant. Propellant additive
also did not influence mixing at 15 Psia.

The occurrence of combustor pressure popping (sudden rise in
chamber pressure which accompanied rapid burning of the liquid) was
also found to depend on chamber pressures. Using .055" and .060"
orifices, combustor pressure popping was very significant for chamber
pressures below approximately 190 Psia and popping was rarely observed
for chamber pressures above 190 Psia. Popping frequency and the average
overpressure attained lower values at higher chamber pressures. Injector
orifice played a significant role. Using .027" orifice, injector poppings
were not observed and for .040" orifice, poppings were only observed
infrequently under atmospheric pressures and were absent at high chamber
pressures. To summarize, injector poppings occurred more frequently
using larger orifice diameters at lower chamber pressures and less fre-
quently using smaller orifice diameters at higher chamber pressures.



INTRODUCTION

Cold flow tests have been conducted to understand and to - improve
injector design technology. After very extensive studies of the resulting
sprays formed by impinging chemically nonreactive streams, Rupe (Ref. 1)
formulated an optimum mixing criteria. With impinging streams of real
propellants, significantly different phenomena are observed, namely :
separation. As first reported by Elverum and Standhammer (Ref. 2) reactions
of hypergolic propellants were rapid enough to prevent normal ligquid phase
mixing. These separation effects were particularly evident with hydrazine/
nitrogen tetroxide systems. Continued experimental studies by Johnson
(Ref. 3) and Evans, Stanford, and Riebling (Ref. 4) have shown reduced
rocket engine performance with stream separation.

Photographic observations of stream separation phenomena were
first conducted at NASA Lewis Research Center by Burrows (Ref. 5). Subse-
quent photographic studies of the resulting sprays were carried out at
Dynamic Science (Refs. 6 and 7) to arrive at more quantitative data of the
stream impingement phenomena. A slot injector was used with the resulting
spray flowing over a lucite plate. Additional photographic observations have
also been carried out at Rocketdyne (Ref. 8) and Aerojet (Ref. 9). An alternate
method of using on-line mass spectrometer to study stream separation is
being conducted by Houseman (Ref. 10).

Attempts to correlate and to predict stream separation phenomena
have also been carried out. Separation criteria have been defined in terms
of chemical reaction time and interface propellant residence time (Ref. 6).
Kushida and Houseman (Ref. 11) proposed two complementary theoretical
models; one based on the attainment of bubble point temperature, and a
second model more applicable for higher pressures emphasized the gas phase

reactions.

In addition to stream mixing and separation phenomena, violent
explosions of liquid propellant sprays, commonly known as poppings, have
also been observed. The objective of the present work was to determine
the governing factors affecting stream mixing/separation phenomena and
the occurrence of popping and to define engine operating regions where
these different combustion processes are most likely to occur. These
results will be most helpful for design engineers.
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EXPERIMENTAL APPARATUS
Combustion Chamber

Impingement experiments were conducted using a single element, like
on unlike, combustion chamber as shown in Figure 1. The injector consisted of
a pair of stainless steel tubings press fitted into an aluminum injector plate,
(Fig. 2). The tubings protruded 1/4 inch from the plate. Orifice alignments
were properly refined under cold flow conditions by manually adjusting the
protruding tubes. The impingement angle was fixed at 60°. The distance be-
tween the center of the two orifices were four orifice diameters apart. The
ratio of the orifice length to that of orifice diameter (L/D) was equal to 100.
Four different injector orifices, with orifice diameter respectively equal to
.027", .040", .055", and .060" were used throughout the experiment.

The injector plate was fitted over a test chamber consisting of a rec-
tangular aluminum block with a cylindrical hole 2" by 4 3/8" along the center
of the block. Two viewing windows, with window openings equaled to 1.7"
diameter were used for lighting and photographic purposes. Quartz windows
were used because they were more compatible with the propellants as well
as better light transmission in the ultra-violet range: Copper nozzles were
attached to the bottom end of the chamber. Six different copper nozzles,
with nozzle diameters equal to 1.5", .600", .400", .283", 179", and .128"
were used to vary the chamber pressures.

Propellant Feed System

A schematic of the nitrogen tetroxide/hydrazine flow system is shown
in Figure 3. The flow systems were fabricated with 304 stainless steel lines.
The propellant tanks were designed for a working pressure of 1000 Psia. The
tank capacities were approximately 1/3 gallon. Pressurization of the tank was
controlled by a regulator and a release valve which was set at 1000 Psia.

Two solenoid valves were used to vary the dome pressure of the regulator.
Propellant flow rates were controlled by the propellant tank pressure and also
by variable area cavitating venturi valves. The flow controllers were micro-
meter head type. This device provided easy and precise control of the propel-
lant flows and allowed for more efficient testing with the ability to match
desired stream momentum ratios. Heat exchangers were provided for each of
the propellant tanks, and coaxial lines were used for the entire propellant
supply system. Propellant temperature was controlled by flowing water at
elevated temperatures or ethylene glycol-water mixtures at low temperatures
through the heat exchangers and the propellant coaxial feedlines. Two 500 watt
heaters were used to raise the water temperatures. A refrigerated coil bath
conditioner, with a refrigeration compressor unit was used to condition the
ethylene glycol-water mixture temperatures. Propellant temperature variations
between 40°F and 140°F could be easily attained using this system. Prior to
each test, the propellants were first led into a by~pass tank until the desired
propellant flow rate and temperature were achieved before being introduced
‘into the combustion chamber.

=2
|
|
|



QOrifice

Injector plate

Nitrogen inlet

Pressure chamber

Quartz window

« .5

Window retainer

Figure 1. High Pressure Impingement Test Chamber.
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Recording Instrumentation

Hydrazine and nitrogen tetroxide flow rates were measured with turbine
type flow meters. I/C thermocouples were used to record the propellant
temperatures in the tanks; immediately downstream of the flow meters, and
at the injectors. Propellant tank pressures were monitored by strain gauge
transducers. Chamber pressures were measured with a quartz pressure
transducer and a strain gauge transducer.

The test control console housed the propellant control console, a test
sequence unit, amplifiers and various recording instrumentation and related
components. The signals of the flow meters, thermocouples at the injectors,
and pressure transducers of the combustion chamber were fed into amplifiers
to a recording oscillograph. The flow rates were determined from the meter
frequencies output and the propellant densities. An oscilloscope was also
used in certain tests to record the pressure signal of the quartz transducer.
Propellant tank pressures were recorded on a two channel strip recorder.
Propellant temperatures in the tank and at the flow meters were recorded on
a multipoint recorder. The entire experiment was operated remotely through
the test control console.

Photography

The experimental technique was based on photographic observeration of
the impingement region. Both single exposure photograph and high speed motion
pictures were used. A microflash system was used to provide the proper lighting
for single exposure photography. Flash duration was approximately 1.0 micro-
second with peak light intensity of thirty million beam candlepower. This high
intensity completely masked out the flame light, and the microsecond flash
duration stopped the stream and droplets motion, thus allowing clear observa-
tion of liquid hydrazine and liquid nitrogen tetroxide. All of the single expo-
sure photographs were recorded on color films,

The impingement phenomena were also recorded on high speed motion
pictures. A rotating prism camera, with framing speed set at 3000,4000, and
mostly at 5000 frames per second was used. In addition, a shutter with an
exposure ratio of 1/100 was also employed so that a two microsecond exposure
time was obtained with a framing speed of 5000 per second. To observe injec-
tor poppings, it was most desirable -to correlate the chamber pressures with that
of the explosion phenomena. To best achieve this correlation, the output of the
quartz transducer was fed into an oscilloscope and the film was back-exposed
with the oscilloscope trace. Thus the high speed motion pictures simultaneously
recorded the injector poppings and the corresponding pressure spikes. Figure 4
shows the experimental setup where a second lens was attached to the backside
of the movie camera and was used to focus the chamber pressure traces on the
oscilloscope.
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Figre 4. Experimental Setup for Studying Injection Mixing Explosions.
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IMPINGEMENT EXPERIMENTS UNDER ATMOSPHERIC PRESSURE

Tests were conducted by impinging liquid streams of hydrazine and
nitrogen tetroxide either in the open atmosphere or within the combustion
chamber using a 1 1/2 inch diameter nozzle. The latter technique was
desirable to protect the photographic instrumentation when closer observations
were required. Only single exposure photography was employed during this
phase of study. Results were analyzed based on the photographic observations
of the spray by impinging streams of hydrazine and nitrogen tetroxide. The
test parameters for this phase of study were as follows:

Chamber Pressure : one atmosphere

Propellant Temperature

Hydrazine : 45°F - 105°F
Nitrogen Tetroxide : 42°F - 80°F
Propellant Velocity
Hydrazine : 18 ft/sec - 94 ft/sec
Nitrogen Tetroxide : 16 ft/sec - 72 ft/sec
Orifice Diameters (inch) : .027, .040, .055, .060.

Two distinctly different impingement phenomena were observed under
atmospheric pressure tests. For nitrogen tetroxide temperature above the
boiling point (= 70°F), vaporization of the oxidizer was significant, resulting
more closely to a gas/liquid impingement. For nitrogen tetroxide tempera-—
ture below the boiling point, liquid/liquid impingement was observed. Figure 5%
shows a photograph of a gas/liquid impingement. The flash light intensity
(30 million beam candles) completely masked out the flame. The short flash
duration (1.0 k& second) stopped the motion of propellant droplets and ligaments.
The presence of the oxidizer vapor was evidenced by the slight spreading of
the jet, with the flow velocity mainly along the injector axis. The nitrogen
tetroxide vapor attained a much higher velocity as compared with that of liquid
hydrazine. The resulting vapor stream carried the hydrazine droplets along
with it, confining the hydrazine droplets mainly on the fuel side. This corres-
ponded to a "separated" flow. Figure 6 is the photograph of the identical flow
situation. The photograph was taken with 0.5 second exposure time without
the flash and thus showed the combustion flames of the impingement region.
The flame light indicated that the combustion occurred mainly on the hydrazine
side, similarly indicating a "separated" flow.

*Color photographs are presented in film supplement C-273 to this report,

which is available on load; a request card and a description of the film are
included at the back of the report.
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For nitrogen tetroxide temperature below 70°F, liquid/liquid stream
impingement was observed. The color of the resulting spray was very
uniform showing that droplets and ligaments of liquid fuel and liquid
oxidizer were intermixed. Figure 7 is an illustration of the stream mixing
case.

Figure 8 shows the result of the impingement study under atmospheric
pressure conditions. The data are presented in terms of D/V (the ratio of
orifice diameter to average propellant velocity) and the temperature of
nitrogen tetroxide at the injectors. The data indicated that for nitrogen
tetroxide temperature above approximately 70°F, very poor liquid mixing
occurred due to the vaporization of nitrogen tetroxide stream as discussed
previously. For nitrogen tetroxide temperature below approximately 70°F,
the resulting spray showed good mixing of the liquid propellants. Injector
popping was also observed within these temperature ranges. The simul-
taneous occurrence of both popping and stream mixing will be discussed
in more detail in the injector popping section of this report.

Effect of unequal propellant temperatures on stream mix/separation
phenomena was also studied under atmospheric pressure conditions. The
result presented in Figure 9 indicated that hydrazine temperature played no
significant role. Influence of unequal propellant velocities was also found
to be insignificant when approximately equal temperature streams of hydra-
zine and nitrogen tetroxide impinged at atmospheric pressures. Effects of
additives were also evaluated and found to be unimportant. 1% and 5% of
unsymmetric dimethylhydrazine, monomethylhydrazine and ammonium nitrate
were respectively added to liquid hydrazine and no significant influence
on stream mixing and separation was observed.

In conclusion, under atmospheric pressures, the temperature of nitro-
gen tetroxide streams played the dominant role with respect to stream mixing
and separating phenomena. Stream separation was never observed when
nitrogen tetroxide was below its boiling point. For nitrogen tetroxide above
the boiling point, stream separation occurred due to vapor/liquid impinge-
ment. Effects of unequal stream velocities, unequal propellant temperatures,
and various additives in hydrazine were found to be insignificant.

11
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Run No. 136

Figure 7. Example of Stream Mixing with Liquid/Liquid Impingement.
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Comparison With Previous Experimental Studies

Impingement experiments have been previously conducted (Ref. 6) using
a different injector system. It consisted of an aluminum block with orifice
slots on which a lucite observation window was bolted with a heavy retaining
plate. The block was cut away at the impingement point to allow fan formation
away from the lucite window. This injector design was different from the
existing setup in two ways. First, the propellants were led to flow over
the lucite plate so that the lucite burning could affect the photographic
observations especially when photographs were obtained from the lucite
view of the injector. Second, the impingement occurred at the immediate
exit of the orifice, with no provision for jet free travel. The photographic
observations of the impingement region used a 10y second duration strobe
back-~-lighting. Photographs of the combustion flames with 0.5 second
exposure time without flash backlighting were also carried out.

The experimental data previously obtained (Fig. 10) in general,
agreed very well with that shown in Figure 8. The limiting boundary
line (Fig. 10) separating regions of separation with that of mixing and
popping was indeed close to the boiling point of nitrogen tetroxide.
Based on the mixing and separation criterion previously defined (Ref. 6),
stream separation was attributed to tremendous gas release associated
with chemical reactions. The present study suggested that stream
separation was mainly due to the boiling of the nitrogen tetroxide stream.
To resolve this disagreement, experiments were performed using the slot
injector with the lucite plate. High speed motion pictures, with a 2.0l
second exposure time per frame were used to observe the impingement
region. A significant amount of oxidizer gas was observed under pre-
viously separated conditions, indicating that the separation phenomena
could be caused by the boiling of nitrogen tetroxide rather than due to
reactions at the interface between propellants.

In summary, the previously proposed mixing/separation criteria of
Reference 6 in the temperature ranges where propellant boiling was signi-
ficant, has to be modified. Furthermore, under the temperature and pres-
sure conditions where separation was observed, further experimental work
indicated that separation was attributed to the boiling of nitrogen tetroxide
resulting in gas/liquid impingement and thus produced very poor propellant
mixing.

15
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STREAM MIXING/SEPARATION RESULTS AT ELEVATED CHAMBER PRESSURES

Stream mixing and separation phenomena at elevated pressures were
studied by impinging liquid hydrazine and nitrogen tetroxide within a pressure
test chamber (Figure 1). The experimental conditions were as follows:

Chamber pressure : 15 Psia - 500 Psia
Propellant Temperature
Hydrazine : 40°F ~ 140°F
Nitrogen Tetroxide : 4OOF - 14OOF
Propellant Velocity
Hydrazine : 15 ft/sec - 90 ft/sec
Nitrogen Tetroxide : 15 ft/sec - 80 ft/sec
Orifice Diameters : .040" - 055"
Nozzle Diameters : I.5", .600", .400", .283",

179", and .128".

Single exposure color photography and high speed color motion pictures
were employed during this phase of study. For single exposure photography
a high intensity, microsecond duration flash was used. A high intensity
tungston lamp was used to provide proper lighting for high speed motion
picture observations. With a 1/100 exposure ratio shutter, a two micro-
second exposure time was obtained with a framing speed of 5000 per
second. The high intensity lighting technique completely masked out the
flame light, and the microsecond exposure time, (1.0u second for single
exposure and 2.0y second for high speed motion pictures) stopped the liquid
stream and droplet motion, thus allowing clear observation of liquid hydra-
zine and liquid nitrogen tetroxide. The colors of the two impinging streams
were distinguishable; hydrazine being colorless and nitrogen tetroxide
being darkish brown. Mixing and separation phenomena were determined
based on the color distinction of the two liquid propellants within the
spray. For sprays with uniform brownish color, the impingement phenomenon
was defined as mixed. Whenever color variations within the sprays were
observed, with colorless liquid hydrazine along the fuel side of the spray,

the impingement phenomenon was defined as "separated."

Figure 11 is a photograph of a mixed spray resulting from impinging
liquid hydrazine stream with that of nitrogen tetroxide. The color of the
spray was very uniform, indicating good intermixing of droplets and
ligaments of two liquid propellants. Figure 12 is an illustration of poor
propellant mixing. The color variation within the spray indicated that
most of the colorless liquid hydrazine remained on the fuel side while
brownish liquid nitrogen tetroxide mainly remained on the oxide side.

17



OoX Fuel

Temp (°F) 100 71
Velocity (ft/sec) 54.8 46.2
Pressure (Psia) 162

pgu f/p .98
O/F 1.24
Orifice .040"
Nozzle .283"
Test Number 242

Figure 11. Typical Spray Photograph for Stream Mixing at High Pressure.

Color variation b
indicating separated g’
flow

jCoVI(;rlé-ss hydrazme

0OX Fuel
Temp (°F) 93 104
Velocity (ft/sec) 31.66 36.76
Pressure(Psia) 422.7
psu f/p u .95
O/F 1.22
Orifice .040"
Nozzle .128"
Test Number 259

Figure 12. Typical Spray Photograph for Stream Separation at High Pressures.
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This is an example of poor intermixing of droplets and ligaments of two
liguid propellants and is defined as "separated" flow. High speed motion
pictures of the sprays with very similar flow conditions as those shown
by Figure 11 and Figure 12 were also recorded. It was difficult to dis-
tinguish the propellant colors since a high intensity tungston filament
lamp was used to provide the backlighting. The motion pictures did

show one distinct feature. Brownish oxidizer vapor was found on both
sides of the resulting spray in the stream mixed case while oxidizer
vapor was found to be more noticeable on the nitrogen tetroxide side

of the spray in the stream separated case.

At low chamber pressures (under 60 Psia) vaporization of nitrogen
tetroxide was again found to play a significant role. Separated flows due
to gas/liquid impingement were observed. As evidenced by Figure 5 and
Figure 12, the sprays of the two "separated" flows were significantly
different.

Stream mixing/separation results at elevated chamber pressures are
shown in Figure 13. Test data presented were only those with chamber
pressure fluctuations less than 5%. In terms of average initial propellant
temperatures and chamber pressures, two different separated flow regions
were defined (shaded regions in Fig. 13). Separated flows were observed
for chamber pressures above approximately 230 Psia. The color photo-
graphs of these sprays definitely showed a color variation with liquid
hydrazine appearing on the fuel side of the spray. The effects of initial
propellant temperature and injection velocities were found to be not
significant, (similar to Fig. 12). At lower chamber pressure (less than
~ 230 Psia) and for nitrogen tetroxide below its boiling point, sprays
with very uniform brownish color were observed. These were the mixed

flows. At chamber pressures below 60 Psia and for initial nitrogen tetroxide

temperature above the boiling point, separated flows as a result of gas/
liquid impingement, were observed. The data agreed very well with the

nitrogen tetroxide vapor pressure curves. For chamber pressure at 55 Psia,

gas/liquid impingement was observed for nitrogen tetroxide temperature
above 133°F, resulting in a spray pattern similar to that shown in Figure
5. The effect of different propellant velocities was found to be not
significant.

19
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COMBUSTOR PRESSURE POPPING

Transient high amplitude pressure disturbances, commonly referred to
as "pops" have been observed during steady state rocket engine operation.
The term "pop" has also been used to describe altitude ignition spikes and
shutdown spikes. In the present discussion, the term popping will be used
to describe high pressure disturbances associated with a single doublet injector
element during steady state engine operation conditions.

Popping was studied under atmospheric and elevated pressures with
impinging liquid streams of hydrazine and nitrogen tetroxide. The occurrence
of popping was particularly easy to distinguish when impingement experiments
were conducted in the open atmosphere. This was evidenced by the loud
noise associated with these explosions. The noise of these explosions
was recorded on the oscillograph via a microphone. Popping studies under
elevated pressures were investigated by impinging propellant streams within
the combustion chamber as shown in Figure 1. High speed motion picture
technique was used to observe the popping. Chamber pressures were
simultaneously recorded on the oscillograph and on the movie film via an
oscilloscope. The occurrence of popping was determined based on motion
picture observations and the related pressure spikes.

Experimental results showed that the two dominant parameters governing
the occurrence of popping are the orifice injector diameter and the chamber
pressure. Under atmospheric pressure with nitrogen tetroxide temperature
below its boiling point, test results showed that popping was never observed
when .027" diameter injector was used. Popping was observed infrequently
when .040" diameter was used. Popping was always observed when .055"
and .060" diameter orifices were used.

A typical occurrence of popping is illustrated in Figure 14. The photo-
graphs were reproduced from motion picture recordings. The film speed was
5280 frames per second. With the addition of a 1/100 exposure ratio shutter,
the exposure time was approximately 2 .0u seconds. The experimental
conditions were:

Chamber Pressure : 100 Psia
Propellant Temperature
Hydrazine : 71.5°F
Nitrogen Tetroxide : 68.0°F
Propellant Velocity
Hydrazine : 52.8 ft/sec
Nitrogen Tetroxide : 46.5 ft/sec
Orifice Diameter : .060"
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t= 0.0 sec., Pc = 100 psia

t = 1894 sec.. PC > 475 psia

t =757u sec., PC > 475 psia

t = 1326u sec., PC = 190 psia

t = 1894y sec., Pc =175 psia

= 3409u sec., Pc = 100 psia

Figure 14, Hydrazine/Nitrogen Tetroxide Injector Popping Sequence.

Test Number 479.
100 psia.

Steady State Chamber Pressure =




The pressure spike associated with the popping at a time of 189y seconds
in Figure 14, was in excess of 475 Psia. The entire popping sequence
took approximately 30004 seconds.

By increasing the chamber pressure to approximately 195 Psia (by
replacing the chamber nozzle from .600" to .400") high pressure spikes were
no longer recorded on the oscillograph results. The corresponding high
speed motion picture recordings also did not show the violent explosion
disturbance of popping. Only intermittant stream blow aparts were
observed. These blow aparts did not produce any appreciable pressure
spikes, but did produce chamber pressure fluctuations of approximately
10% . Figure 15 is a typical sequence of this blow apart phenomenon.

The experimental conditions were:

Chamber Pressure : 195 Psia
Propellant Temperature
Hydrazine : 70°F
Nitrogen Tetroxide: 680F
Propellant Velocity
Hydrazine : 51.0 ft/sec
Nitrogen Tetroxide : 46.5 ft/sec
Orifice Diameter : .060"

These tests showed that poppings which were observed with chamber
pressure at 100 Psia were no longer observed with chamber pressure at

195 Psia. Color movies of popping (Fig. 14) and absence of popping
(Fig. 15) are shown in the film supplement to this report.

The effect of chamber pressure can be briefly summarized as follows:
at higher chamber pressures (Pc > 40 Psia) popping was not observed for both
.027" and .040" diameter orifices. For .055" and .060" diameter orifices,
popping was rarely observed when chamber pressures were above 185 Psia.
The effect of chamber pressure and orifice diameter on the occurrence of
popping is shown in Figure 16. It has been observed that popping was more
likely to occur for large orifice diameter at lower chamber pressures and
less likely to occur for smaller orifices and at higher chamber pressures.
Both propellant temperature and velocity were found to be not important.

Popping frequency and average pressure spikes were obtained from
‘the oscillograph data. These results are shown in Figure 17 and 18.
Although the data were not reproducible, it did show the effect of pressure.

Both the popping frequency and the magnitude of the pressure spikes are
higher at lower chamber pressures.
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t = 0.0 second t = 600 microsecond

t - 400 microsecond t - 1000 microsecond

Figure 15. Hydrazine/Nitrogen Tetroxide Blow Apart Phenomena.
(Test number 386, Steady State Chamber Pressure =
195 psia).
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RESULTS AND CONCLUSIONS

Both single exposure photography and high speed motion pictures
were used to study three different combustion phenomena associated with
impinging hypergolic propellant streams: combustor pressure poppings,
stream mixing, and stream separation.

High speed motion pictures showed that popping is a violent
explosion of the liquid propellant sprays. Chamber pressures were also
recorded and were correlated with the photographically observed explosions.
Pressure spikes of several hundred Psia were often observed resulting from
these explosions. The occurrence of popping was found to depend signifi-
cantly on chamber pressure and injector diameters. Using .055" and .060"
injectors, experimental data showed that popping was almost absent for
chamber pressures above 185 Psia, and was found to occur very frequently
at lower chamber pressures. Popping was never observed using the smaller
.027" orifice, and was observed only infrequently at low chamber pressures
when .040" orifice was used. Popping frequency and average pressure spikes
were obtained from the oscillograph data. Both the popping frequency and
the magnitude of the pressure spikes are higher at lower chamber pressures.
To summarize, the test results showed that popping was more likely to
occur for larger orifice diameters at lower chamber pressures and steady
state chamber operations were observed for smaller orifices at higher
operating chamber pressures.

Stream mixing and separated flows were studied under steady state
chamber operation conditions. Two distinctly different separated flows were
observed. At low chamber pressures and for nitrogen tetroxide temperatures
above the boiling point, vaporization of the oxidizer was significant, resulting
in a gas/liquid impingement. The resulting spray pattern showed that hydrazine
droplets were mainly confined on the fuel side. Photographs of the flame also
showed that combustion mainly occurred on the fuel side indicating a separated
flow. Separated flows were also observed with liquid/liquid impingement at
higher chamber pressures (@bove 230 Psia). The resulting liquid sprays
definitely showed color variations with colorless hydrazine along the fuel
side of the spray and brownish liquid nitrogen tetroxide on the oxide side.
This indicated very poor intermixing of droplets and ligaments of two liquid
propellants. Stream mixing flows were observed at lower chamber pressures
(less than 230 Psia) and with nitrogen tetroxide temperatures below the
boiling point. The sprays resulting from liquid/liquid impingement showed
a very uniform brownish color, indicating good intermixing of droplets and
ligaments of the two propellants. To summarize, the test results showed
that chamber pressure played a very significant role. Separated flows were
observed at high chamber pressures and mixed flows were observed at
lower chamber pressures. In addition, nitrogen tetroxide temperature was
also found to be important. For nitrogen tetroxide temperature above the
boiling point, gas/liquid impingement was observed resulting in separated
flows.
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APPENDIX A

NOMENCIATURE FOR TABUILAR TEST DATA

Fuel

Oxidizer

Propellant Flow Rate (Ib/sec)

Propellant Injection Temperature (°F)

Propellant Injection Velocity (ft/sec)
Momentum of Propellant Stream (WV=16 ft/sec?)

Average Injection Velocity = (Wfo+WOVO)/WO+W )
Momentum Ratio of Fuel and Oxidizer Streams

Injector Orifice Diameter (equal fuel and oxidizer orifices)
Average Injection Temperature=(WfTf+WOTO)/Wf+WO)

Ratio of Orifice Diameter to Average Injection Velocity

Chamber Pressure.
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170 | £:0082, S7.5 15,06 ; 1895 [y5 1y i g5 683 | " 46.7]2,203x10°%) 111 Mixed flow 206 | F 0163 | 94.5/20.87 | .4869 | [ 4
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S5 ol 75 | w N
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* " Flo37 {e6. |67.5 | 3.04 7 |h.2s |17 | |6z [4.85x20 Mixed flow
2gy PEgtad 1973 970 [5.16 1gy 5 155 [ oas].0a0| 60 [5.8x105 p26 | separated flow 1 [olon Toos Tore Tase 1
01,065 ) 54,2 83,2 5.47 . . .
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284 F[.o50 |7 93. 4. 958 83.5 [i1.16 | 1.06 " | 63 3.38x10 282 | Separated flow 312 oloss 166 3.8 313 65.5 |1.25 80 |* 65 | 5.0x10 » | Mixed SHow
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: : ; _ rlosz {ss  [e7.7 [2.50 29 | .80 |* |54 |5.1x0075 | * | Mixed flow
286 L |-P31 | 88 8281 205 1 5505 11,14 [ 1.06 | ¢ | 69 §5.9x107% [192| Mixed flow L v Do e R AL
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aq 083 107 1SO.L 0 336 4oy fygg T 1s |+ 103 1ueio™d s ag7 | F1.065 | 79.5 | S1.6 } 3,35 | 477 |1,25 [o0.93 |* | 77] L.oamo™ = .
Olo73 1 93.5 | 40.7 .2.97 | i | o|.081 [ 76.0 | 44.7 | 3.62 |
T3 . -
342 %-"53 107 :;’; . 318 ¢ 45,6 (1.2t | .es4]* 10z 1.0x107 ‘145,' . 68 (L{-062 170 [49.1 | 3.08 | 455 1,29 0.85 [~ |69 L.07x10 1135\ -
075 | 99 9 3.8 0,080 | 67. .5 | 3. '
i Floss e |49.8 | 3.14 ! ! 4 s Toea Tan 8 »r -4 Popping based on O-graph
343 b : : 4.8 {1.16 | 1,06 |* 110 1.ax107d 145 " 369 | £ |-063 169.0 1 49.8 [ 3.14 } 46,5 |1.24 | 0.93 [~ | 67 1.08x107% » | [OPPIG ~grap
T recording
ol.073 Jio3  [40.5 | 2.96 ol.o78 | s9.5 | 43.3 | 3.38
saq |E1083 [BU 1498 | 3.1 § oo Jyg | gor{v |80 1.ox107 |ias “ a7 [F].062 1 64.0 | 49.1 | 3.04 | 44 [y21|0.98 |~ | 64| 1121074 » -
!
ol.078 |79.5 [43.3 | 3.89 X 0l.075 | 64.5 | 41.4 | 3.10
3¢5 [F 082 181 1 49.1 | 3.04 | 4o, [l.ZS .893 |~ 791 1.ox167% {165 " 371 (E{:063 1 62.5 | 9.4 3.0 | 43y (1,06 1.23 (" | 63( L.16x107Y * -
0l.078 |77.5 [43.0 | 3.38 | . ol.067 [ 62.5 | 37.2 | 2,49
g |Efosit7s.s Lao.8 [aaa {00 1og | ag 1+ | 76| 1.omei0d 168 72 |£]-082 {sa.5 [48.6 [ 3.01 | . 3 [0.08 | 1.as | » | 55| 1.21x107] - -
oloso [76 144.5 | 3.56 ol.o61 | sa.s | 34.0 | 2.07
347 | F 1063 [ 79.5 148.8 | 3.14 | .o c |1.25 1 .o18[" | 79| 1.08x10-4 165 373 (E[.062164 |59.8 | 3.70 | 530 f1,23| 1.03 {055 | 63| 8.64x10-9 95 | Popping based on motion
0).079 ]} 78 43.54 | 3.42 o0].076 | 52.5 } 52.1 3,60 picture & O-graph recording
Flogs 183,39 149.8 3,14 -4 Popping based on motion F [.062 [64 59.8 3.71 o3 Popping based on motlon
48 41,3 ¢ .911{1.72 Jos0 |83 | 1.21x107%]165 e 4 s4.8 [1.13 | 0.99 |.055| 63 | 8.36x1070] 85 ’
[4} 82,5 |31.8 1.83 picture & O-graph recordin 01074 | 62.5 | 50.6 3.74 picture & O'graph recording
1
349 |E 064 191.0 150.5_ 13.23 | 45 931164 | 191 | L1807 " . azs | F 062 |64 159.8 | 3.7 | 559 (1,27 |0.79 |* |63 |7.94x107 = .
oloso_[89.5 [33.0 | 1.97 | | 01079 62,5 |54.2_| 0.72
350 ; g:z‘ :;‘g :g: ;‘:: s Nz [1as |0 ez [ 120 Yiss » 76 __g_._o_az 649 159.8 1371 | oo lioo looas |~ |63 |8.0sx0Siss .
. . ; om0 lg2.5 [s4.4 | 4,35
351 ; 22: ::: ::: i;; 8.3 [1.35 [7.82 [ |71 | 103074~ . i %,Qﬁz 81,5 LT3 | s 27 lo.es |» |72 | 8.1x1075 s N
. . . 079 64,5 |53,6 | 4.23
52 % 062 :;: ‘9': 3":; 4.8 [1.21 | .98 | |69 | 1.1x107% 165 | Popping not observed a7g (062 0.5 13,75 1 s7.7 .31 |o0.83 |+ |77 |7.om1075 | = .
s 4 3. o lss.5 |
Flos2z |70 48.8 3.02 " y -4 | » | Popping based on motion F 1,062 1,5 | 60.5 3.75 -5
3s3 4.2 |1.23 | 938 68 | 1.1x10 a7s HEL06Z : 57.3 {1.29 [o0.86 |~ |84 |7.99:1075 = .
[olors 66 laz.a [3.22 picture & O-graph recording oloso hoa |s4.7 | 4,38
as4 [Fp064 149 150.8 13.23 45 [119 {1.02 |» {50 |10t | - - g0 | 063 HO5 160.9 13.84 {557 |24 10.93 {* (110 |8.0x107S | = .
olors [s0 [41.9 [3.18 olors e [ss2 |a.s
3ss ;::; :; - ::": :2: oo (123|033 |+ |47 | 1.0exto™17s | Nopopping was cbserved |Jiap) | E 083 fO7 £0.9 13.84 ) 57,3 .27 Jo.ee |* [ | 7.99x075) - -
I . . 48 | 468 | . : ofoso fiia__[se.e [a.3s
ase [T 064 149 1805 13.23 f 433 li.03 [1.35 |* |50/ 1.1sxa074165 ‘;fgg;‘,’;“;’“gf;’,:;h"‘““°" 3gz |E[063 110 1609 13.85 § g3, |1,21 [g.08 |* |11 |8.6205 | = .
0].066 [50  [36.3 | 2.40 0l.076 i1 [s2.1 {3.s6
4 g:z :; :‘:: :':7: aw.s (a1 o9z | st |iod] - . g3 [P 062 166 160.1 13.73 f 555 )32 [g.81 [- |65 |7.94x1075 -
ol. . . 0082 |65 |55.9 | 4.58
Flosa_|51 50.§ 3.23 “ -3 . “ F|.062 {77.5 | 60.4 3.74
LE 5.8 (1,19 [1.02 st | 1.96x10 304 . -5 .
38 Ioloss [s0 lar.s | a.ts oloso 875 Tsa.7 Ta7e | 52-9 [1-29 jo.9m 83 | 8.66x107 *
3sg L1064 147 1505 13.23 | 4o g (139 [1.02 [* |48 1.96x1079 " . [Jes F)062 | 77.5 160.4 |3.74 | 56,2 [1.26 [0.91 |» | 77 | 8.15x107% = -
olore |48 [ars |3.ts 0l.078 |76 |52.9 | .13
asp | E1.076 152.5 160.4 | 4.59 ) 453 | .o79f[1.02 [ |s4]1.00xa0-4 ~ "
o].060 [ 56.5 [33.0 | 1.98 :
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Test < M /M = - = =
St w T M v, Jorr MM Ta P |comments 1 w R " M v, |or M/M 7.| DA, | P |comments
FlLoss [s5i.0 [45.9 | 3.66 Popping based on O-gra oes |
388 43.5 |1.29 .848 19 175 PR ed on O-qrap .069 1 105 54 3.74 -4 Popping based on motion
olors 147.5 |a1.8 3.14 recarding ol or0 o4 20 270 46.6 L0} 1.39 00 (1.07xl0 80 picture and O-graph
gy 11088 151.0 1459 12.86 | 45,89 (1,13 |i.10 82 15, 175 - r 10690 198 | 54 3,78 | 48 w109 103 |1.03x1074 | gs| PopRing based on motion
O [.066 |4a7.5 !36.5 2,41 ol 079 98 13 1,43 ‘ : ‘ ‘ picture and O-graph
390 [F[058 [51.0 145.9 12.60 | g5y g5 [1.7) 184 19 175 Fl.068] 110 | 53 3.62 | 49 13 1.11 05 f1.0ax1074 | go| PoPping based on motion
0099 |47.5 |55.2 | 5.50 ol 077 | 101 | a2 327 : ' picture and O-graph
391 F 1075 5]'?‘ 58.7 4.51 53.9 (1.17 j1.04 49 9% £1.069 1 tig 55. 3.85 47 05| 1.13 13 1.04“0-4 80 Popping based on motton
O [.089 |47.5 49.1 4.4 Ol.0731 109 40 2.98 N * " picture and O-graph
392 [T 3076 |S1.5 |59.7 | 4.5t | 5535 |1.16 | 1.0 49 195 " ! r|.069 ] 115 | ss. 3.85 | 4, o5 | 1.43 09 |1.06x1074| go| Popping based on motion
0088 [47.5 |48.6 | 4.26 ] ol.069 | 102 | 38. 2.69 . : . plcture and O-graph
rlozs |60.0 {591 | 4,42 Separated flow based on T
4B.5 .BY1(1.84 59 415 . r).068 ] 116 54 3.74 -4 Popping based on motion
393 Tolose |sa.s [36.5 | 2.40 motian recording | ol os7 | oz | a7 249 as. -98 | 1.49 pos |1.08x10™% | 80 R and O-graph
Flo90 |8 71. . . 0 ased on motlon
394 990 1 &2 L0 1 637 16y fiz1 | 967 591 7. 235 | Mixed flow F,.068 | 116 | 54 3:74 ) 45 91 1.70 105 1.lix1074 picture, P not available
Q109 |56 60.5 | 6.59 | ol.083 ] 101 | 24 2.19 : : o
395 (P 1030 (52,5 170.7 1633 4 gy ¢ by gz {137 49 | 8. 2251 Mixed flow F|.068 ] 116 | 54, 3.74 | 44 87! 1.90 n17 [1.12x107 Popping based on mation
01.091 |45 50.7 4.63 ol .0s9| 118 13 1.97 : : ‘ : picture, Pc not available
396 £ 090 145 171 8.4 f1.060 L 116 | 54. 374 | g4 83| 2.04 11 [1.3x074 Papping based on mation
0].108 37,5 |59 6.5 65.0 [1.20 | .99l 46 | 7. 235 " ol.057] 109 | 3t 1.83 ' : . . picture, Pc not available
¥ l.oso |62 : 6.4 . * -
397 66.0 |i.19 | 1.52 76 ] 7. 225 " F|.069 ) t12 54. 3.74 -5 Popping based on motion
olio7 125 59 22 NN T 52. 350 .78 R10 |9.46x107 1105 R O O-graph
F
jo8 |20 70 7} 8.37 1 26 1,35 | Lem1 7. 235 B Fl.069) 114 | s4 3.74 | 5y 32| Le2 07.8 1.10x10~4 95| Popping based on motion
Oluzi {71 |56 |g,.84 | of.091 [ 103 | so. 4.56 plcture and O-graph
F |
399 L0906 175,5 71,0 §.33 62.1 |1.08 }1.19 77 | 8. 235 " V F).068 89 53 3.62 45 99l 1.4s 82 |1.11x1074] g5 Popping based on motion
01093 |79.5 |[54.7 5.30 ! ol .07 75 37 2.49 . . . Hx picture and O-graph
F [.090 | 84 71.1 6.1 - ~ - .
400 61.8 [1.06 | 1.24 81 | 8, 235 | Mixed fI ! F P 5 -
oloss (7735 1530 07 xed flow | |- 4.06€ § «1.5 [ 53.5 3.62 44.9 97| 1.15 73.1 1.10x1074| 95 Po_pplng based on
. — Ol oggleas |ag2 | 2.39 O-graphs
7, K A )
4 (1090 ;87 L.l 16l | 610 lt.o2 |1.36 8s | 8. 25| w TJ.oe9 81,5 |s4.7 | 3. | o0 ol 172 0.4 1.10x1074] » |Popping based on
9] 82,5 [51.2 | 4,72 0l 061 3 14.0 | 2.20 . L 1 O-graphs
Fi.087 . . .2 . *
402 | 087 {98.5 |68.8 16.24 | ¢) ) |y 60 {1.32 90 | 8. 235 . Flosalion |sa7 {378 | o, oa| 1.3 06 |1.06x1074 | » |PoppIng based or
Ol.092 [82.5 [51.2 4.72 01].072 104 39.7 2.85 . . } . O-graphs
ro77 lio . . i
403 g 3 61.0 4.72 54.7 [1.16 | L.05 100 | 9. 255 " Fl.063 (114 54.7 3.78 45 95 | 1.59 1o 1 09x10_4 « |Popping based on O-graph
01].089 ]97.5 | 49.8 4,48 o1.006 105 36.3 7.33 . . ' : and motion pictures.
Floze | . .
404 076 108 150.3 | 3.85 | 498 |1.15 | .sez 10z [ 1 215 . Fl.00 175 |s8.2 | 3.48 | 4 19 1.0 71. |8.64x1075 |15 |FOPPIng based on O-graph
©1.089 |95.5 |49.1 | 4.35 o101 les 8.7 | 3.48 : e and motion picture
tlos7 filz, . . 5 h
405 }E-08 z 68.8 5.83 58.4 .993]| 1.44 106 | 9. 235 " F|.060 | 93 58.5 3.52 52 | 11 86.48.78x10°° [175 Popplng based on O-graph |
0087 |99 48.0 4.18 ol.063 | a1 46.7 3.20 " * . b b and motlon pictures
Flos3 |66 66.1 .49 ‘
08 e T s : :0 60.6 [1.02 | .96 64 | 8. : . Fl.ovs Jlor | 74.0 | 5.4 s No popping. (Mixed)
0 .‘m s». 55.4 5. 2 0l 096 | 92.5 | 65.4 | 6.34 1 62 .26 .eg . 96 }6.50x107° 215
107 : aJ : =821 595 [1.14 | 1.09 8 g . F - ‘
oloss [e25 [52.4 o 4 0 64 . .076 {106 73.5 5.55 68. 23 a1 101 }6.69x10 5| . |No Popping (Mixed} i
Fl.0s8 [ 66 |65.4 | 5.74 0024 4.20.5 | B4.4 6,00 -
108 - : : 61.2 {1.11 | 1.08 66 | 8. " . Fl.oc -
ol.ose 62,5 [s4.2 | 530 < g.:z i;‘: :‘l‘; :%— 57. .20 1.06 1078.03x10™° 175 | No popplng Mixed)
0735 . .
rl.083 |66 65.4 | 5.42
409 57.3 |1.09 | 1.21 64| 8 " " F|.062 [106 60.4_| 3.75 5 Poj
. . . . . - pping based on
o|.089 | 62.5 | 49.8 | 4.48 ol s ] ve w1 1 aes 54, .18 | 1.02 101 |8.36x10 751 Orgraph racording ]
rl.o63 |85 [54.3 | 3.74 : - *
410 45.4 | .945( 1.62 8L |1 185 | Popping based on O-graph F|.062 | u6.5 | 59.8 | 3.68 -5 Po
. . . . . pping based on |
0(.065 | 76 36.1 2.35 & motion picture recording 01{.066 | 72.5 | 45.2 a0 s2. 08| 123 79 14.3x10 % O-graph recording I
r 089 [94.5 | 55.1 | 3.85 . - ) . )
an RRET R 45.2 | .877| 1.85 921 175 Flooea|77.5 {506 | 368 | 108 1.23 73|4.3x107S | w |Popping based on
ol - : 0].066 | 68.0 | 45.2 | 3.0 : ) ) ) 0O-graph recording
Floge |97 55.1 3.85
4z o T ans Lz0a ] 157 | 019 100 92 190 . Flo28 05 1 50.8 114l |spg |1s2| .2 101 [6.3x1075 | 45 | Mixed flow
0 01.042 | 99 5.1 | 2.27
413 0701 83} 5s.1 | 3.85 1 " | oa ) .34 |.0s0] -4 S
. . 34 . 5.91.06x10 90| Popplng based on O-graph Fl.oaoliie | s3.4 1,58 B -5
ol ] 829 309 | 207 I Tt o2 ot [r] e [osoie |6.5x 10 I 4lexed flow




LE

= - - = m =
Test T v M A \o/r ]Mr/ My b Tal DA, ! P |Comments Test | w | 1 v M v, | ore [M™MJ p | 7,] DA, | P icomments
3 T H b

Fl.033]i0: s34, 1.4 i - Fl.oss| ce.s | 65,7 | s.45 ! -5 | ... | Separated flow based on
440 4.3 1.3 2ol v {80 ikl Mixcd tlow . 466 2083 ) w251 65, : 59.2  1.19| 1,00| " 149 |8.36x107° |43513PY

{ol.oas] 9:.:] 5.4 2,38 . ‘ | t i ol .099] 25.5 | s4.9 AT ‘ : ] motion picture recording

l - T

Fl.osol o7 |saal e . ) I - 3 2. , i = ] Tow ba

441 '—t 50. 1.0 gy 95 16 | LFl.0631 52.5 ] 65.7 5.45 | n Separated flow based on
AT s 1w & 4] 3 16.5% 10 \Mlxnd flow 07 T T o e o §0.27 f L21| .97 l4e [8.3x107° Jass | SRt re recording

1 -
F[.029]116 53.4 1.55 ' ! -5 ! lL 083 110 65.7 5.45 | -5 S ted flow based

442 $6.5 1. sHoo* | 1115.9x10 iMixed 1w b6 > 2 245 L g3s |1.3s] .79]» j109 [7.87x107°| v (Seporate agec on
o} .045 107 565 2.05 i i | ;4 o] .112] 108 51.9 .93 1 motion picture recording
F|.o29l12s 53.4 _ 1.55 . - "Separated flow due 11 Fl.o - d flow b

443 — §3.5 | l.a¢ 6% " 110 '6.2x10 P ue 1. 269 —1— 87116 68.8 6.0 65.3 1.25 g1 v [11s | 7.78x10 5| » |Separated flow based on
ol .04z (114 54,17 2.27 i OX boiling, o .109] 114 60.4 6.59 motion picture recording
F|.029]108 53.4  1.55 : I - . Fl.087] 119 | 68.8 | 6 -5 Separated flow based

444 57.4 1.0 N5t {108 (5.8x10 Mixed flow 470 .08 . -0 63.1 1.21 98| v |15 |7.93%1075 445 eparated flow based on
ol .0a7 [ 108 60. 2.98 ol.igs] 11 58.2 6.11 3 motion plcture recording
Fl.031|122 57.4  1.80 . ] -5 Separated flow dur to F].067 s2 3 -4 based

445 53.3 1.%4 9q ]« 117 |6.2x10 [ A 71 LR 6 92 .8 .53 . " . 1 Popping based on motion
ol o314 | s0.0 [ 1.9 ; | O bothna 7 o omal w6 asis L om0 | % % o8 |!-01x10 71199 pictures & O-graph record
F 8 . - . -

446 Qalilee | 57,4 1 L1795 555 | 1,24 Ls6y v [i21 [6.20x1077 |+ Searated flow duc to g7z FEJ-0e7) 72 | 526 | 3.50 45 5 | 1g| L.o7( « | 64 [1.05x1075 | | Popping based on motton
o pslne 49.3 13 @ 9 ol,0/7| 64.5] 42.6 | 3.27 plotures & O-graph record
F|.03§[122 66,8 2.42 ~5 H F|.067] 70 52.6 3.50 -5 Popping based on motion

447 58,3 | 1.0&| 1.22] " 114 |{5.7x10 "1 Mixed flow 473 = S . 49.2 | L.2s| 0| | 66 [L.02x10™ | " ;
O1].,039(108 50.6 1,98 o .o84! 63 46.6 3.91 pictures & O-graph record
F 036]114 66.5 2.42 -5 F 067 62 52.6 3.50 -4 Popping based cn motion

148 + 59.9.f L.16| 1.06| * [110(5.56x107>| 55 | Mixed flow 474 - . a 47.3 | L.16| t.os| " |61 |tiosxront "

ol osz|104 | s4.1 | 2.27 ol .077] s9.s] az.8 | 3.3 pictures & O-graph record
F| .036]{116 66.7 2.42 -5 F|.042| 64 77.9 3.30 -5 {separated flow baged on

449 59.9 | .16 1.06| * [110 |5.55x1077 | * |Mixed flow 475 68.3 | 1.09| 1.20[040 {66 |4.88¢107° 30
ol oaztos | s7.2 | 2.2e : o] .0a6| 68 | 59.5 | 2.74 motion picture recording
Fl.036)118 | 65.6 | 2.47 -5 F

450 | $9.9 | 1.16 1.06) " [110 |5.56x1077 | " | Mixed flow 7 Q454 64 | 82,7 | 3,64 8 7 - 1075 Mixed flow based on
ol osz] 104 a2 | 227 S D T W T 77.09 | 1.2 .8 66 [4.32x 80 | o pioture recording

|

asy |F 0371106 | 68.2 | 2,53 | 575 | 1.13] 2.57{ % 103 [5.8x1075 | 45 |Mixed flow a7 i oasl 66 |83z 3,97 | 4, 1.05| 1.20] » | 64 |4.6x10-5 |85 Mixed flow based on
O] .035)101 45.7 1.62 0 48| 61 61.3 2.91 inotion picture recording
L l1og | 65,0 | 2.3 F| .03 66 | 70 2

452 — ) -5 7 . . .67 -5 Mixed flow based on
ol ore T or s are | 53] 54.8 | .97|1.51 | 040|103 5.08%107 | 45 |Mixed flow 478 |- canl na | aar] oY | 133 (8071040 62)4.94x10 T 640 | ponion picture recording
F {.035 |105 65.1 | 2.30 -5 Fl.o67] 71.5] 52.8 | 3.53 -

453 55,1 | .98)1.47 | * |98 [6.05%x107°| 50 [Mixed fiow 479 s : - . EREN . . 4 Popping based on motion
ol 035 [ o1 wis | 156 AR TR 49.3 25| .905 [.060| 69 1.01x107 100 | [ERE T8 B o recard

454 £ 039|132 1 40.9 | 2.74 | g5 4 |10 {143 |+ |123 {5.52x107% | 65 [Mixed flow qpp (L1 -06t 1 64 53,7 [ 3.84 | 507 3,28 .86 | * | 66]9.86x1073] » |POPPIng based on mation
O].039 114 49.8 1.92 0;.087| 68 48.4 4.22 pictures & O-graph record
F {.037 [134 68.2 | 2.53 -5 d 11 F|.045]| 132 |35.1 | 1.56 -

455 67.9 l.al| 712 [ * |127 |4.9xl0 50 Separated [low due to 481 . 3 - .5 30.8 | 1.06] 1.2 “ 128 1 4 Popplng based on motion
o/ .0s3 {122 §7.7 3.55 OX boiling o) .048] 128 26.5 1.26 ‘ 24 1.62x10 2 pictures & O-graph record

456 F|.036 (137 66.6 2.42 62.1 125 .913] * {33 'S.Jsxlo's 55 Separated flow due to 482 F1.044] 141 34.9 1.54 30,1 103 1.33 | » 138 l.SGXIO_‘ 147 Popping based on O-graph
Of.04s (129 | 58,5 | 2.65 OX botling ol .0a5] 135 | 25.4 | L.16 recording

457 F |.036 |144 66.3 2.42 63.1 {1.20] .852 | » {139 {5.27x10"%| Separatled flow due to 483 F|.035{ 60.5{ 65.1 2.30 54.3 946 1.60 | * 66 G.llxlo's 175 N2H4+5*NH4N°3' Popping|
ol.047 13s | 60.5 | 2.84 OX botling 0].034] si.5[43.1 | 1.4 based on O-graph record

asp [£1:035 148 L O.1 L 2.2 ) gy 7 |13 Lgor | v fia7 [s.ax1078 | - |SePerated fow due to agq [ [-0351 60.5164.1 | 2.24 ) 546 |1 20| .086| " |56 [5.68x1075 |15 »
©].047 131 60.0 | 2.79 X boiling of.041] st.5]54.1 | 2.27

asg (£ 1086 1047 1623 [ .10 } g9y |3134| 797 | » [142 [5.55x107% | « |Separated flow due to ags | F1.004] 60.5{62.6 | 2.13 | 79 |).23) ,038(* |s9.{s.75x1075 [220 Voiq*SRN,H,NOy
of.o45 137 [s8.5 | 2,65 OX botling o] .04z 57.5|5a.1 | 2.27 Rough

o | F1.084] 64 66.3 5.56 -5 Separated flow based on F|.017| 58.5]|64.1 1.07 -5 N, H, +5%NH NO.

46 53.6 | 614 2.15 |060 | 63 |9.3x1073 lazo |SeRArates b < 486 56,9 | 2.51| .a71|.040] 55 F.86x107> | g0 [NaHy (]
o|.0s8 61,5 | 37.9 | 2.59 motlon picture recording of.042] s4.5]54.2 2.27 Mixed flow
rl.oss [ 66, | 66.9 | s5.88 “ -5 Separated flow based on F|.034) 58.5]63.1 2.16 -5

461 64.7 |1.34| .789 64 |7.7x107° lsgs s - : : au . - .
oT e Ter s Tos: [ 715 mtion picture recordtng || 467 [oT 0ez | se- Tera T 58.1 22| .9s2 57 [.73x107 l100
Fl.oe7|ées. | 688 | 5.99 -5 Separated tlow based on Fl.035| s8,5]63.8 2,22

52 557 [1.00f1.42 | * |64 [6.5%x107> [535 |motlon pict At 188 58.5 | 1.21] .970] = 7 Is. -S .

4 ol.067 | 62.5 | 48.4 .23 otlon picture recording ol .gaz| < 11 5 27 370 57 |5.69x10 00
Fl.087|6a. | 68,8 | 5.99 s -5 Separated flow based on Fl.oas! se.5)63.8 2,2 -

463 57.9 | .96 (1,54 | * |65 {8.6x10 " 489 2 . 21 . " S .

o].084 ! 67. 46.6 3,91 motlon plcture recording Ol . 042! s6 54,1 2.27 s8-8 2 5 57 poooxo 100
F 71 69,5 | 66,0 %.99 -5 S ted flow based Fl.0

464 — - §2.2 |1.17[1.04 | » |67 |8.0x1075 |sgs [Separated flow based on 490 241 62.5143.4 1 1.02 » =5 -
ol 102 Tes. Ts6.5 S.H? motion picture racording ol o1 o slens " 41,0 | 1.31] .83 63 [8.12x2075 150

a65 - 2064 l6u.8 | 599 {66 [1.26] .89|.060[86 [7.7%107> ja7s | separated tiow based on M 4y | E1-024] 56.5] 43.4 | .22 | 4y 4 | y.2s| .o1f.040) 54 |8.2099075 | 30 [NoH 4*5%NH NO,
ofneler lei3 [ 6.74 motton picture recording of gzaf s1.5{ 380 [ L2 ) S i T A o4 Mixed flow
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‘!‘e;l w T v M v D Comments
197 LE ] -023] 60 11.4 ] 0.5 B . "
o] .0a1] ~4.5 1,22
- H,+5 H,N
231 P22 WY 35,5 . 3.07x107° NyH (#9%NH,NO,
Of .026] 386 33.2 .£32 Mixed flaw
a3g P02 ] o2 4. 2307 454 N T N
o .026] 56 35.9 L7
35 |Fl-024] 64,5 | 43.4 102 | 405 " <0 lo.22x1075 | 21
o] .929| 38 3:.3 1.14
496 | ] -034] 66 43.4 1.02 § .. M ) bisexao | N
ol .0z9] 36 36.6 L.03
97 LE | -024] 66 44.8 1.08 14y " 75221070 | 30 | NzH+s%UDMH
0] .031f 36 33.b 1.2 Mixed flow
498 |.F | .024] 66 44.6 1.02 | 45y "
ol g1l 38 30,8 1,23
gop | B o024 6405 | 43.4 L02 | 4, N 605107 "
O] .031| s6 35.4 1.23
500 |14 2024} 66 43.4 4 102 o, N 0.06x1073 N
O] .031 56 39.6 1.23
sor | Ef-0211 74 38.3 L7961 1,5 " g9.7x1073 | M
o .024{ 62,5 | 30.6 726
sop LE|-020] 69.5 | 37.3 2756] 349 B 9.5%1075 N
0| .026{ 64.5] 33.2 .853
503 pEpe021} 74 38.3 J7981 345 N 9.4x10°% "
O} .026] 86 33.2 . 553
T
504 017] 7 3l.2 526] 457 040 s N, H, +5%UDMH
of.026| 64.5 { 33.7 .870 Mixed {low
505 LF 1009 | 92 17.23 . 162 " N,H, ¥5%UDMH-Separated
| ol.oi6] 72 20.68 a1 19-47 .040 1.71x10 .7| {16w due to OX boiling
-4
sop 4012 72 21,7 22561 5 oy 040 1.55x10 w
Of.0t7] 72 21.4 2385
Fj. 7 - N,H,+5% MMH,Separated
so7 002 Lt 2 64 47 0p .027 6.03x107° 24
ol ol 71 41,37 flow due to OX bolling
F N, H,+5% MMH
508 010170} 39.2 3801 3.9 -5 274
ol 014 40,34 5] .027 5.6 x10 Mixed flow .
I3 _
509 T e .027 4.5x107° -
Oi,017] 68 47.07 79t




